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Supplementary Note 1: Benchmarking Magnetic Moments 
All calculations were performed with spin polarization. We applied the model developed by 
Krasheninnikov et al.
1
 as an initial guess for the spin state of the metal atom in a graphene single 
vacancy. We do not see a large impact of the spin state of the metal atom on adsorption energies. 
We obtained less than 0.1 eV variation between calculations with the appropriate magnetic 
moments and calculations with all magnetic moments set equal to 0, as illustrated in 
Supplementary Figure 1.  
 
 
Supplementary Figure 1: Parity plot of the electronic reaction energy for the reaction  
∗ CO 	H 	e	 	↔	∗ CHO on M@SV surfaces. On the x axis, all magnetic moments of the 
metal atom are equal to zero. On the y axis, specified magnetic moments follow the scheme 
proposed by Krasheninnikov et al.
1
 Magnetic moments are given in Supplementary Table 1. 
  
 
Supplementary Figure 2: Water structure of bare surface determined through minima hopping. 
The short diameter of the hexagon was found to be 0.49  0.04 nm, which is very close to values 
previously determined computationally and experimentally for non-doped graphene.
2,3
 
 
 Supplementary Figure 3: Projected density of states of the s and p orbitals on adsorbed CO and 
s orbital of the proton in the transition state for the reaction *CO + H
+
/e
-
  *CHO on Pt@SV 
computed using a smearing of 0.01eV and k-point sampling of (16x16x1).The width of the peak 
at the Fermi level is on the order of 0.1 eV, corresponding to an electron lifetime on the order of 
10
-14
 s via the Heisenberg uncertainty principle. 
TS on Pt@SV
*CO
H
 Supplementary Figure 4: Scaling relations of intermediate binding energies and transition state 
energies used in kinetic model.  
a) b) 
  
Supplementary Figure 5: Selectivity for the CO reduction reaction (a) and hydrogen evolution 
(b) reaction at -0.5 VRHE.  
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c) d) 
  
Supplementary Figure 6: Surface coverage of CO (a), OH (b), CH3 (c), and empty sites (d) at -
0.5 VRHE. All other coverages were found to be near 0.  
 
 
 
 
 
Supplementary Table 1: Magnetic moments of the metal atom in the M@SV surface following 
the work of Krasheninnikov et al.
1
 The magnetic moments for the metal atom in a bare surface, 
with CO adsorbed, and with CHO adsorbed are given.  
M@SV Bare Surface *CO *CHO 
Ni 0 0 1 
Pd 0 0 1 
Pt 0 0 1 
Co 1 1 0 
Rh 1 1 0 
Fe 0 0 1 
Ru 0 0 1 
 
Supplementary table 2: Energies of formation of M@SV with respect to bulk chemical as 
shown in Figure 1a.  
M@SV Formation Energy [eV] 
Cu -0.53 
Ni -2.33 
Pd -1.84 
Pt -2.07 
Co -2.91 
Rh -2.88 
Ir -2.41 
Fe -1.99 
Ru -2.14 
Os -1.67 
Cr -2.72 
Mo -1.55 
W -0.72 
 
 
Supplementary table 3: Free energies of intermediates and barriers for the reduction path of 
CO(g) to CH4 (g) on Pt@SV at 0 VRHE and -0.5 VRHE as shows in Figure 1. 
Reaction ∆GA, 0VRHE [eV] ∆GA -0.5VRHE [eV] 
*CO + H
+
 + e
-
  *CHO 0.93 0.64 
*CHO + H
+
 + e
-
  *CHOH 0.58 0.18 
*CHO + H
+
 + e
-
  *CH2O 0.67 0.27 
*CH2O + H
+
 + e
-
  *CH2OH 0.74 0.32 
*CH + H
+
 + e
-
  *CH2 -0.11 -0.48 
*CH2OH + H
+
 + e
-
  *CH2 + H2O(g) 0.42 0.31 
*CH2 + H
+
 + e
-
  *CH3 0.02 -0.22 
*CH3 + H
+
 + e
-
  CH4 (g) 0.47 0.17 
 
 
Supplementary Table 4: Activation energies for the reactions 
∗  	 		 	↔	∗  (1) 
∗ 	 		 	↔		∗  (2) 
∗  	 		 	↔		∗ 			() (3) 
vs. the *CO binding energy for M@SV surfaces at 0 V vs. RHE as shown in main text Figure 1a 
and Figure 4b. 
M@SV ∆G*CO [eV] ∆GA [eV] (1) ∆GA [eV] (2) ∆GA [eV] (3) 
Pt -0.39 0.92 1.70 0.38 
Pd -0.10 0.60 1.76 0.29 
Co -0.45 0.91 1.40 0.30 
Rh -0.43 0.88 1.42 0.31 
Fe -0.67 1.33 / / 
Ru -0.68 1.15 / / 
Ni -0.26 0.80 / / 
Rh (N dopant) -0.79 1.25 / / 
Co (N dopant) -0.73 1.12 / / 
 
Supplementary Table 5: Binding energies of intermediates used in finding scaling relations for 
kinetics. Scaling relations are shown in Supplementary Figure 4. 
∆Gads 
M@SV *CO *CHO *CH2O *CH2OH *CH2 *CH3 *CHOH *CH *COH 
Pt -0.39 0.32 0.11 0.32 0.31 -0.85 0.94 1.85 2.05 
Pd -0.10 0.58 0.40 0.69 1.15 -0.24 1.52 2.69 2.61 
Co -0.45 -0.06 0.17 -0.15 0.42 -1.28 0.93 2.27 1.91 
Rh -0.43 0.18 0.22 0.15 0.70 -1.01 1.37 2.49 / 
Fe -0.67 -0.055 -0.51 -0.013 0.43 -1.12 0.83 1.90 / 
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